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Essential oil (EO) has significant antifungal activity. However, there is limited information on the mechanism of 

the synergistic antifungal effect of the effective components of EO against fungi. In the present study, molecular 

electrostatic potential and molecular docking were used for the first time to investigate the synergistic antifungal 

mechanism of eugenol and citral small molecule (C EC ) against Penicillium roqueforti . The results showed that the 

C EC treatment made the activity of 𝛽-(1,3)-glucan synthase (GS) and chitin synthase (CS) decreas by 20.2% and 

11.1%, respectively, and the contents of which decreased by 85.0% and 27.9%, respectively compared with the 

control group. Molecular docking revealed that C EC small molecules could bind to GS and CS through different 

amino acid residues, inhibiting their activity and synthesis. The C EC can combine with tryptophan, tyrosine, and 

phenylalanine in the cell membrane, causing damage to the cell membrane. The binding sites between small 

molecules and amino acids were mainly around the OH group. In addition, C EC affected the energy metabolism 

system and inhibited the glycolysis pathway . Simultaneously, C EC treatment reduced the ergosterol content in 

the cell membrane by 58.2% compared with the control group. Finally, changes in 𝛽-galactosidase, metal ion 

leakage, and relative conductivity confirmed the destruction of the cell membrane, which resulted in the leakage 

of cell contents. The above results showed that C EC can kill P. roqueforti by inhibiting energy metabolism and 

destroying the integrity of the cell membrane. 
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. Introduction 

Mold is a type of fungus with a large population, a fast metabolism,

nd a strong reproductive ability, that enables it to grow and reproduce

asily in a humid environment and suitable temperature [5] . Penicillium

oqueforti is a foodborne fungus that is resistant to acid, hypoxia, and

igh concentration of carbon dioxide. It has a high detection rate in ce-

eals, traditional Chinese medicine, feed and cheese [ 18 , 23 ]d. Simulta-

eously, it can pollute baked goods, meat products and low-temperature

reserved foods [15] . Furthermore, P. roqueforti can metabolize and

roduce toxins such as Penicillin Roquefort toxin, roquefortine C, and

ycophenolic acid. The ingestion of contaminated food by humans or

nimals usually causes symptoms such as vomiting, diarrhea, and gas-

roenteritis and can even cause death in severe cases [20] . Therefore,

he fungal contamination caused by P. roqueforti causes significant eco-

omic losses to agricultural production, and poses a serious hazard to

uman health. 

Effective measures to control fungal contamination must be imple-

ented to ensure the quality and safety of agricultural products. Fur-
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hermore, most countries continue to employ synthetic preservatives

uch as pyrrole benzenes, imidazole, and thiocyanates, which have

hown promising results in controlling postharvest fungi and mycotox-

ns in agricultural products [15] . However, with an increasing demand

or more clearly-labeled, “chemical-free ” and “natural ” products, some

hemical preservatives are increasingly being banned [15] . Therefore,

here is a dire need to develop safe and effective antifungal agents due to

he seriousness of fungal contamination and the urgency of controlling

ungal pollution. 

Plant essential oils (EOs) have attracted the attention of researchers

ue to their broad-spectrum antibacterial activity [ 17 , 33 ]. The EO has

een used in the food industry as a natural seasoning and can meet the

equirements of consumers for the safety of food additives [24] . Fur-

hermore, cinnamon EO could significantly inhibit the growth of Peni-

illium roqueforti and Aspergillus niger and extend the shelf life of baked

oods [14] . Similarly, lemon EO could inhibit the growth of P. roque-

orti and A. niger in bread during storage [6] . Citronella EO steam could

romote the growth of Penicillium corylophilum . Simultaneously, the au-

hor demonstrated that the EO could be used to extend the shelf life of

eef jerky [12] . In addition, essential oils and their active components
ober 2022 
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ave good antifungal activity, and biodegradability, which can compen-

ate for a few of the disadvantages of chemically synthesized antifungal

gents [ 13 , 16 ]. In addition, clove and Litsea cubeba essential oils have

ugenol and citral as the main active components, respectively [ 25 , 27 ].

everal reports have demonstrated the significant antimicrobial activity

f clove and Litsea cubeba essential oils [ 2 , 19 , 26 , 31 ]. However, these

tudies primarily focused on the active components of a single essen-

ial oil. There has been limited research on the synergistic antifungal

ctivity of the effective components of essential oils. Therefore, in the

resent study, molecular electrostatic potential and molecular docking

ere combined for the first time to investigate the synergistic antifungal

echanism of the C EC against P. roqueforti . Furthermore, this research

an provide the scientific basis for further development of natural anti-

ungal agents with synergistic antifungal activities. 
ig. 1. Changes in activity and content of 𝛽- (1,3)-glucan synthase and chitin synthas

ccording to Duncan’s multiple range test. 

2 
. Materials and methods 

.1. Materials and reagents 

P. roqueforti (ATCC 10110) was purchased from China Micro-

ial Strain Preservation and Management Center (Beijing, China).

ugenol (CAS-No.97-53-0, biotechnology grade, purity 98%) and cit-

al (CAS-No.5392-40-5, biotechnology grade, purity 95%) were pur-

hased from Ballingway Technology Co., Ltd. (Shanghai). Potato Dex-

rose Agar (PDA) and Potato Dextrose Broth (PDB) were purchased

rom Shandong Tuopu Bioengineering Co., Ltd. (Qingdao). Anhydrous

thanol (AR grade, purity ≥ 99.7%) and all other chemical reagents

ere procured from Sinopharm Group Chemical Reagent Co., Ltd.

Shanghai). 
e. Error bars represent standard deviations. a-d significant difference ( P < 0.05) 
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.2. Strain activation 

The freeze-dried powder of P. roqueforti was first dissolved in a small

mount of normal saline, and streaked on the test tube slope of PDA, and

ultured at a constant temperature incubator for 48 h at 28 °C ± 2 °C.

he strain obtained after 48 h of culture was the first generation. Some

f the strains were stored in the refrigerator at 4 °C, while others were

ransferred to a fresh PDA plate. The fungi were subcultured successively

ntil the 3rd-4 rd generations were obtained for follow-up experiments

nder the same growth conditions. 

.3. Determination of enzyme activity and content 

The spore suspension of P. roqueforti (1 × 10 6 cfu/mL) was added

o PDB for incubation. The bacteriostatic agents (eugenol, citral, and

 EC ) were added to the culture medium after 48 h incubation at 28 °C

 2 °C, so that the final concentration of bacteriostatic agents was

inimum inhibitory concentration (MIC) (eugenol: 0.06 mg/mL, cit-

al: 0.17 mg/mL and C EC : 0.23 mg/mL). The culture was further in-

ubated for 8 h at 28 °C ± 2 °C, and the precipitate was washed with

BS. The lower layer of the sediment was retained for the experiments.
ig. 2. Molecular docking of eugenol and citral with chitin synthase protein. A1: 2D 

D binding mode of eugenol on the surface of chitin synthase protein molecule. B1: 2

nd 3D binding mode of cis -citral l on the surface of chitin synthase protein molecule

odel and 3D binding mode of trans -citral on the surface of chitin synthase protein. 

3 
he activity and content of 𝛽-(1,3)-glucan synthase (GS) and chitin

ynthase (CS) were determined according to the method described by

u et al. [10] . 

.4. Molecular docking and theoretical calculation 

The software Autodock Vina 1.5.6 was used as a molecular docking

ool to investigate the binding between C EC and enzymes, and the Iter-

ted Local Search global optimizer was selected [22] . The 2D structure

f small molecules was converted into 3D in MOE. Later, the protonation

tate and hydrogen orientation of the target were optimized by LigX at

he conditions of pH 7.0 and 300 K. The binding sites were identified by

verlapping proteins with the original template structure. The ligands in

he template structure were defined as protein binding sites. The dock-

ng workflow adheres to the “induced fitting ” protocol, which allows

he side chain of the receptor pocket to move while limiting its position

ccording to the conformation of the ligand. The weight used to bind

he side chain atom to its original position was 10. Initially, all docked

olecular postures were ranked by dG scores. Later, the first thirty pos-

ures were refined using a force field, GBVI/WSAdG was scored, and the

ighest ranked posture was selected as the final mode. 
binding pattern of eugenol and chitin synthase protein. A2: binding model and 

D binding pattern of cis -citral and chitin synthase proteins. B2: binding model 

. C1: 2D binding pattern of trans -citral and chitin synthase protein. C2: binding 
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The Gaussian16 program was used for all the molecular optimiza-

ion and quantum chemistry calculations, and GaussView was used for

tructural visualization in this study. The SMD implicit solvent model

as used to consider the effect of solvent. DFT-D3 dispersion correction

as used to calculate the weak interaction more accurately. The electro-

tatic potential of the molecular surface was calculated by GaussView

alling with CubeGen. 

.5. Determination of ergosterol content 

The determination of fatty acid composition was described by

albino et al. [1] with slight modifications. Briefly, 0.5 mL of

ethanol/chloroform (2:1, v/v) solution and two steel beads were

dded to the experimental samples (15–20 mg), which were then sub-

itted to cellular lysis using TissueLyser II (Qiagen, Hilden, Germany).

he samples were centrifuged for 10 min at 4000 g, and the supernatant

as transferred to a new test tube. Later, 2 mL of 100% chloroform was

dded to the supernatant and mixed well. 2 mL of 1% (w/v) sodium

hloride solution was added, and the solution was harvested for 20 min

t 12,000 g. Finally, 10 𝜇L of the lower phase was collected and injected

nto an RP-C18 column in high-performance liquid chromatography col-

mn. 
ig. 3. Molecular docking of eugenol and citral with 𝛽-(1,3)-glucan synthase protei

inding model and 3D binding mode of eugenol on the surface of 𝛽-(1,3)-glucan syn

ynthase protein. B2: binding model and 3D binding mode of cis -citral l on the su

rans -citral and 𝛽-(1,3)-glucan synthase protein. C2: binding model and 3D binding m

4 
The absorbance of the extracted sterol produced a four-peak spectral

bsorption pattern (for biomass standardization). The ergosterol content

as calculated according to the following formula: 

𝑟𝑔𝑜𝑠𝑡𝑒𝑟𝑜𝑙 ( % ) = 

100 

1 + 

[(
𝐴 230 
𝐴 281 . 5 

)
× 0 . 56 

]

4 ( 28 ) 𝐷𝐻𝐸 ( % ) = 100% − 𝐸𝑟𝑔𝑜𝑠𝑡𝑒𝑟𝑜𝑙% 

here A 281.5 and A 230 are the absorbances at 281.5 and 230 nm, respec-

ively. 

.6. Determination of 𝛽-galactosidase ( 𝛽G), alkaline phosphatase (AKP) 

nd ATPase activity (AA) 

The experiment was performed as described by Cui et al. [3] with

light modifications. The breakage effect of C EC on the cell membrane

ermeability of P. roqueforti was determined by the change in 𝛽G ac-

ivity. The microbial culture was activated as described in 2.2. A UV-

isible spectrophotometer (UV-3820, Shanghai Unocal Instrument Co.,

td) was used to measure the absorbance at 405 nm and record it as opti-

al density (ODt). The OD value of the control sample (without C EC ) was

arked as OD 0 . The activity of AA was determined by an AA detection
n. A1: 2D binding pattern of eugenol and 𝛽-(1,3)-glucan synthase protein. A2: 

thase protein molecule. B1: 2D binding pattern of cis -citral and 𝛽-(1,3)-glucan 

rface of 𝛽-(1,3)-glucan synthase protein molecule. C1: 2D binding pattern of 

ode of trans -citral on the surface of 𝛽-(1,3)-glucan synthase protein. 
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it (Jiangsu Jiancheng Institute of Biological Engineering), and the ab-

orbance at 660 nm was recorded by UV-visible spectrophotometer. An

lkaline phosphatase (AKP) detection kit (Jiangsu Jiancheng Institute of

iological Engineering) was used to determine the activity of AKP, and

he absorbance at 660 nm was recorded by UV-visible spectrophotome-

er. 

.7. Determination of the activities of key enzymes in the glycolysis 

athway 

The experiment was as reported carried out according to Cui et al.

3] with slight modifications. The activities of hexokinase (HK), phos-

hofructokinase (PFK), and pyruvate kinase (PK) were determined by

it (Jiangsu Jiancheng Bioengineering Institute). 

.8. Determination of intracellular ion leakage and relative conductivity 

The 4-day-old mycelium was suspended in 20 mL of 0.85% saline

nd incubated with eugenol, citral, and C EC at room temperature for 12

. Later, the mycelium was collected and the leakage of calcium (Ca 2 + ),

otassium (K 

+ ) and magnesium (Mg 2 + ) ions in the filtrate was deter-

ined by atomic absorption spectrometry (iCE 3500, Thermo Scientific)

ccording to the method described by Zhu et al. [35] . Furthermore, the

elative conductivity of the solution was measured using a conductivity

eter (DDSJ-308S, Guangdong). 
ig. 4. Fluorescence spectra of amino acid residues Phe ( 𝜆ex = 258 nm), Trp ( 𝜆ex =
ith different concentrations of KI (A1, B1 and C1), eugenol (A2, B2 and C2) and cit

5 and 20 mM; Curves 1 to 5 correspond to eugenol and citral concentrations of 0, 1

5 
.9. Statistical analyses 

All the experimental data were performed in triplicate, and then the

verage was calculated. Data were analyzed with OriginLab 9.0s. Means

ere compared by Duncan’s new multiple-range test. Statistically signif-

cant differences were set at P < 0.05. 

. Results and discussion 

.1. Changes in activity and content of 𝛽-(1,3)-glucan synthase (GS) and 

hitin synthase (CS) 

GS and CS are key synthases for the synthesis of fungal cell walls.

he normal structure and function of the fungal cell wall are destroyed

hen the activity of these two synthases is inhibited or the content is

ecreased. Hence, GS and CS play a crucial role in maintaining the in-

egrity of the fungal cell wall. 

Fig. 1 A shows the main components of the fungal cell wall. The ac-

ivities of the two enzymes decreased in varying degrees after eugenol,

itral, and C EC treatment, especially in the C EC combined treatment

roup, which decreased by 20.2% and 11.1%, respectively, compared

ith the control group ( Fig. 1 B and C). Similarly, the contents of these

wo enzymes decreased after the treatment with different EO compo-

ents, especially in the C EC combined treatment group, which decreased

y 85.0% and 27.9%, respectively, compared with the control group

 Fig. 1 D and E). The decrease of the activity and content of GS and CS
 280 nm) and Tyr ( 𝜆ex = 296 nm) of P. roqueforti membrane protein treated 

ral (A3, B3 and C3). Curves 1 to 5 correspond to KI concentrations of 0, 5, 10, 

/200, 2/200, 3/200 and 4/200 MIC, respectively. 
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ndicated that the normal function of the synthetic cell wall of P. roque-

orti was inhibited or the structure of the cell wall was destroyed after

he treatment of EO components. Therefore, it can be seen that eugenol

nd citral can simultaneously act on GS and CS and inhibit their activity

nd synthesis. Similarly, cinnamaldehyde inhibited the cell wall synthe-

is of Candida albicans, which was primarily due to the inhibitory effect

f cinnamaldehyde on GS [21] . In addition, Ge et al. [8] found that the

-amino-4-hydroxycoumarin derivative was an effective CS inhibitor,

hich can significantly inhibit the growth of A. niger. 

.2. Molecular docking of eugenol and citral with CS 

Chitin is one of the important components of fungal cell walls, but it

oes not exist in animal or plant cell walls, making CS an ideal target for

ungal inhibitors. The binding energies of eugenol, cis -citral, and trans -

itral to CS were − 4.76, − 4.78 and − 4.89 kcal/mol, respectively. It can

e observed that trans -citral has the best affinity with CS. 

Fig. 2 A1 and A2 depict the binding mode of eugenol to CS. The hy-

roxyl group of eugenol can form a hydrogen bond with Asp753. In

ddition, it could also form weak interactions with Lys750, Lys813,

ys632, Arg816 and Asn629. Fig. 2 B1 and B2 show the binding mode

f cis -citral to CS. Furthermore, the oxygen atom in a (one) carbonyl

roup of cis -citral can form a hydrogen bond with the side chain nitro-
ig. 5. Potential analysis of the binding of small molecules of eugenol and citral wit

otential area. 

6 
en atom of Arg630 as a hydrogen bond acceptor. Similarly, the van

er Waals interaction was also formed between cis -citral and the sur-

ounding amino acid residues. These amino acid residues mainly in-

lude Lys632, Asn629, Lys750, Ser752 and Gly751. Similarly, the oxy-

en atom in one carbonyl group of trans -citral acts as a hydrogen bond

cceptor and forms a hydrogen bond with the nitrogen atom in the side

hain of Arg816 ( Fig. 2 C1 and C2). 

.3. Molecular docking of eugenol and citral with GS 

The binding energies of eugenol, cis -citral and trans -citral to GS were

 5.05, − 4.84 and − 4.95 kcal/mol, respectively. Therefore, it can be ob-

erved that eugenol has the best affinity with GS. 

Fig. 3 (A1 and A2) shows the binding pattern of GS to eugenol. The

inding sites of eugenol and GS are spatially complementary. Further-

ore, the oxygen atom of eugenol acts as a hydrogen bond acceptor in

he formation of a hydrogen bond with Asn163. At the same time, it can

lso form weak interactions with Tyr 93, Pro 122, Ser 125 and Val 165.

imilarly, the enzyme also formed hydrogen bond interactions with cis -

itral and trans -citral. The oxygen atoms of cis -citral and trans -citral form

ydrogen bonds with the nitrogen atoms in the main chain of Asn163,

nd form a van der Waals weak interaction with the surrounding amino

cid residues ( Fig. 3 B1, B2 and C1, C2). Moreover, it was observed that
h amino acids. Blue represents positive potential area; red represents negative 



F. Zhao, Q. Li, H. Wu et al. Engineering Microbiology 3 (2023) 100057 

Fig. 6. Changes of ergosterol content. Error bars represent standard deviations. 

a-d significant difference ( P < 0.05) according to Duncan’s multiple range test. 
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(

ugenol and citral small molecules can combine with CS and GS through

ifferent active sites. 

.4. Binding of eugenol and citral to amino acids in membrane proteins 

The binding of eugenol and citral to membrane proteins was ana-

yzed by fluorescence spectra. Fig. 4 A1, B1, and C1 show the effects

f different concentrations of potassium iodide (KI) on the fluorescence

mission spectra of tryptophan (Trp), tyrosine (Tyr), and phenylalanine

Phe) residues, respectively. The fluorescence intensity of Phe decreased

ignificantly with the increase of KI content, while Trp and Tyr residues

ad no obvious quenching effect. This indicates that Phe residues may be

ocated on the outside of the cell membrane, while Trp and Tyr residues

ay be located in the interior or gap of the cell membrane. The max-

mum emission wavelength intensity of Phe, Trp and Tyr residues de-

reased gradually in the presence of different concentrations of eugenol
ig. 7. Changes in the activities of 𝛽-galactosidase, ATPase enzyme and alkaline phosp

 P < 0.05) according to Duncan’s multiple range test. 

7 
nd showed a red shift ( Fig. 4 A2, B2, and C2). Similar results ( Fig. 4 A3,

3, and C3) were obtained in the citral treatment group. This demon-

trates that eugenol and citral small molecules can interact with the

mino acids in the cell membrane and change their conformation. Simi-

arly, previous studies have shown that 2R, 3R dihydromyricetin (DMY)

nteract with amino acids in the cell membrane of Staphylococcus aureus ,

esulting in a significant decrease in membrane fluidity and changes in

embrane protein conformation [29] . 

.5. Potential analysis of the binding of small molecules of EO with amino 

cids 

The electrostatic potential can be used to predict and elucidate the

elative orientation and binding force of the molecules in the complex.

he molecules can easily contact with each other by complementary

lectrostatic potential, which means that the positive region of the elec-

rostatic potential on the molecular surface tends to contact the nega-

ive region, and the more positive and negative the positive value is,

he stronger the tendency is, which can reduce the overall energy to

he maximum extent. Fig. 5 shows the binding sites of eugenol and cit-

al small molecules to Trp, Tyr, and Phe are primarily located around

he OH group, which represents the nucleophilic part. The nucleophilic

art corresponds to the part of the molecule that tends to give electrons.

herefore, these sites may be the best electrophilic attack sites and po-

ential chemical reaction sites. 

.6. Changes in ergosterol content 

Ergosterol is an important component of the fungal cell membrane

o maintain normal physiological function and integrity. Therefore, the

ecrease in ergosterol content may disrupt the homeostasis mecha-

ism of cells and lead to damage to the integrity of cell membrane.

ig. 6 shows that treatments with eugenol, citral, and C EC decreased the

rgosterol content in the cell membrane by 45.1%, 35.2% and 58.2%,

espectively. It was observed that the decreased rate of ergosterol con-

ent in the C EC combined treatment group was significantly ( P < 0.05)

igher than that in the eugenol and citral treatment group at the same

oncentration. 

In previous studies, it was observed that cumin EO could in-

ibit the synthesis of ergosterol in the cell membrane of Aspergillus

avus , resulting in increased permeability of the cell membrane [34] .
hatase (AKP). Error bars represent standard deviations. a-d significant difference 
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Fig. 8. Effects of C EC on (A) HK, (B) PFK and (C) PK of P. roqueforti . (Embden-Meyerhof-Parnas pathway). Error bars represent standard deviations. a-d significant 

difference ( P < 0.05) according to Duncan’s multiple range test. 

Fig. 9. Leakage of intracellular ions and change of relative conductivity. Note: A, B, C and D are Ca 2 + ,K + and Mg 2 + and relative conductivity, respectively. Error bars 

represent standard deviations. a-d significant difference ( P < 0.05) according to Duncan’s multiple range test. 

8 
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Fig. 10. The antifungal mechanism route of the C EC against P. roqueforti. 
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imilarly, thymol could reduce the ergosterol content in the cell mem-

ranes of Fusarium graminearum [7] . Furthermore, the authors discov-

red that CYP51A and KES1 genes played an important role in regu-

ating ergosterol synthesis [30] . Similarly, the lipophilicity of eugenol

nd citral in the C EC combination contributes to their dissolution in the

ell membrane, which reduces ergosterol synthesis and destroys the in-

egrity of the cell membrane. Moreover, when the two are combined, a

ynergistic is observed, resulting in a significant reduction in the content

f ergosterol. Similar to our findings, Huang et al. [11] discovered that

innamaldehyde and cinnamic acid have a synergistic killing effect on

. pullorum , which may be due to the inhibition of glycerophospholipids

iosynthesis in the cell membrane. 
9 
.7. Changes in 𝛽G, AA, and AKP activity 

𝛽G is an important enzyme of microorganisms as it is a key catalyst

or energy production and a main source of carbon by decomposing lac-

ose into galactose and glucose. O-nitrophenyl 𝛽-D-galactopyranoside

ONPG) is an analog of lactose. It can quickly enter the cell and be hy-

rolyzed to o-nitrophenol by 𝛽G and has characteristic absorption at

05 nm. Fig. 7 A shows that the OD value of P. roqueforti increased sig-

ificantly ( P < 0.05) after C EC treatment indicating that the permeability

f the cell membrane increases; thus, allowing ONPG to enter the cell

nd be hydrolyzed to o-nitrophenol. The increase in cell membrane per-

eability showed that C had a great inhibitory effect on the growth
EC 
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f the fungal strains studied. This further confirms the previous conclu-

ion that C EC treatment reduces the synthesis of ergosterol, increasing

ell membrane permeability. 

Fig. 7 B and C show that the activities of AA and AKP in the exper-

mental group were significantly lower than that in the control group,

specially in the C EC treatment group. After C EC treatment, the AA and

KP enzyme activities of P. roqueforti decreased by 50.8% and 63.7%,

espectively, compared with the control group. These results demon-

trated that C EC can inhibit the activity of endonucleases, and the activ-

ties of these two enzymes, which are crucial for the normal growth and

nergy metabolism of microorganisms. Related studies have confirmed

hat the decrease of ATP enzyme level is one of the main factors leading

o microbial cell death. Alpinia galanga Rhodes EO can reduce the AA

f E. coli O157:H7, inhibit its respiratory metabolism and lead to cell

poptosis [32] . Similarly, Chen et al. [4] also confirmed this conclusion

hrough Lindera glauca fruit EO against Shigella flexneri . 

.8. Changes in the activities of hexokinase (HK), phosphofructokinase 

PFK) and pyruvate kinase (PK) in the EMP pathway 

HK, PFK, and PK are the key regulatory enzymes that catalyze the

eaction of the Embden–Meyerhof–Parnas (EMP) pathway. These reac-

ions are irreversible and hence, the effect of C EC on the EMP pathway

an be investigated by measuring the activities of these three enzymes.

ig. 8 shows the activities of these three enzymes in the C EC treatment

roup were significantly (P < 0.05) lower than that in the eugenol and

itral treatment groups. The activities of these three enzymes decreased

y 21.9%, 11.8% and 25.6%, respectively, after C EC treatment compared

ith the control group. This demonstrated that C EC can effectively in-

ibit the respiratory metabolism of P. roqueforti via the EMP pathway. 

.9. Leakage of intracellular ions and changes of relative conductivity 

The hydrophobicity of EO will damage the biosynthesis of ergosterol

nd increase intracellular ion leakage, which may lead to significant

hanges in cell membrane fluidity and cell contents. This had an ad-

erse effect on the function of organelles, and eventually lead to cell

eath. Therefore, we measured the leakage of cell contents ( Fig. 9 ). The

eakage of important intracellular ions Ca 2 + ,K 

+ and Mg 2 + in the treat-

ent group was significantly ( P < 0.05) increased compared with the

ontrol group ( Fig. 9 A, B, and C). Especially, the ion leakage of fungal

ells in the C EC treatment group increased by 56.3%, 38.0%, and 52.0%,

espectively. This phenomenon is further confirmed by the change of

onductivity ( Fig. 9 D). The cell membrane was seriously damaged after

 EC treatment, which led to the leakage of cell contents and eventually

ed to cell death. 

Previous studies have also confirmed that Eugenia stipitata McVaugh

ssential oil can destroy the permeability of Staphylococcus aureus cell

embrane, resulting in cell content leakage and cell death [28] . In ad-

ition, a similar of thyme EO was found effective against Staphylococcus

ureus and Escherichia coli [9] . 

. Conclusion 

The C EC can inhibit P roqueforti through different aspects. Firstly,

he C EC can inhibit the activity and synthesis of GS and CS. The activity

f GS and CS enzymes in the C EC treatment decreased by 20.2% and

1.1%, respectively, and their contents decreased by 85.0% and 27.9%,

espectively, compared with the control group. Secondly, the C EC small

olecules can combine with tryptophan, tyrosine and phenylalanine in

he cell membrane, resulting in cell membrane damage. Potential analy-

is showed that the binding sites of small molecules to amino acids were

ainly located around the OH group. In addition, the C EC also affected

he energy metabolism system of P. roqueforti and inhibited the glycol-

sis pathway. Finally, the changes in ergosterol, 𝛽-galactosidase, metal

on leakage and relative conductivity confirmed that the cell membrane
10 
as damaged. The leakage of Ca 2 + , K 

+ , and Mg 2 + ions of fungal cells

n the C EC treatment group increased by 56.3%, 38.0% and 52.0%, re-

pectively. The above results showed that the C EC is expected to develop

nto a new antifungal agent with a synergistic antifungal effect. Simul-

aneously, the research results have important guiding significance for

uiding the development of new natural plant antifungal agents with

ynergistic antifungal effect. The antifungal mechanism route of the C EC 

o P. roqueforti ( Fig. 10 ). 
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